Nanoplasmonic devices are promising for next generation information and communication technologies because of their capability to confine light at subwavelength scale and transport signals with ultrahigh speeds. However, ohmic losses are inherent to all plasmonic devices so that further development of integrated plasmonics requires efficient in situ loss compensation of signals with a wavelength and polarization of choice. Here we show that CdSe nanobelt/Al 2 O 3 /Ag hybrid plasmonic waveguides allow for efficient broadband loss compensation of propagating hybrid plasmonic signals of different polarizations using an optical pump and probe technique. With an internal gain coefficient of 6755 cm 21 at ambient condition, almost 100% of the propagation loss of TM-dominant plasmonic signals is compensated. From comparison with a similar photonic structure we attribute the fast-increasing gain at low pump intensity in hybrid plasmonic waveguides to the transfer across the metal-oxide-semiconductor interface of 'hot' electrons photogenerated by the pump light.
Nanoplasmonic devices are promising for next generation information and communication technologies because of their capability to confine light at subwavelength scale and transport signals with ultrahigh speeds. However, ohmic losses are inherent to all plasmonic devices so that further development of integrated plasmonics requires efficient in situ loss compensation of signals with a wavelength and polarization of choice. Here we show that CdSe nanobelt/Al 2 O 3 /Ag hybrid plasmonic waveguides allow for efficient broadband loss compensation of propagating hybrid plasmonic signals of different polarizations using an optical pump and probe technique. With an internal gain coefficient of 6755 cm 21 at ambient condition, almost 100% of the propagation loss of TM-dominant plasmonic signals is compensated. From comparison with a similar photonic structure we attribute the fast-increasing gain at low pump intensity in hybrid plasmonic waveguides to the transfer across the metal-oxide-semiconductor interface of 'hot' electrons photogenerated by the pump light.
S
urface plasmon polaritons are coherent oscillations of electrons at metal-dielectric interfaces. They have unique properties that hold promise for potential applications in various fields of science and technology [1] [2] [3] . On one hand, plasmonic structures allow overcoming the Abbe diffraction limit and confining light into subwavelength spatial dimensions, thereby opening up for the manipulation of light at the nanoscale. On the other hand, signals carried by surface plasmons can propagate with speeds of the same order as the speed of light. These two properties make nanoplasmonic devices one of the most promising candidates for next-generation information and communication technologies.
However, the integration of plasmon-based components into practical circuits has so far been hindered due to the metallic (ohmic) losses inherent to all plasmonic devices. For example, for surface plasmon propagations whose optical mode is confined in the deep subwavelength region, the signal cannot propagate beyond few tens of micrometers in the absence of loss compensation 4 . Implementing in situ loss-compensation schemes to plasmonic signals can guarantee that information is not lost during transport from one part of a circuit to another and is crucial to the scalability and cascadability of integrated circuits. One possible solution to compensate for losses is through the use of gain materials. Recently, researchers have strived to replace the passive dielectric part of the plasmonic devices with gain media so to compensate for propagation losses 5, 6 . Successful in situ loss compensation has been achieved for long-range surface plasmon propagations using fluorescent molecules as the gain medium 7, 8 . However, the tradeoff for the obtained loss-compensation is the loss of subwavelength modeconfinement, which is a key requirement for sustaining high integration density.
Here we demonstrate that highly efficient, broadband and polarization-tunable loss compensation of plasmonic signals with optical modes confined in the subwavelength region can be achieved in a semiconductorinsulator-metal hybrid plasmonic waveguide. This type of structure was originally theoretically proposed for its relatively low propagation loss while still maintaining the subwavelength mode confinement 9 and was recently demonstrated to support lasing from plasmonic modes confined on the nanoscale 10 . However, so far there has been no experimental demonstration of coherent compensation of the propagation loss of an arbitrary input signal carried by the hybrid plasmonic waveguides. Here we experimentally investigate the loss-compensation ability of a hybrid plasmonic waveguide, consisting of a CdSe nanobelt (NB) separated from a silver surface by an Al 2 O 3 thin layer, to weak probe signals using an optical pump-probe technique and show that these structures support ultra-high optical gain -with gain coefficient exceeding 6755 cm 21 and enough to compensate 99% of the propagation loss of TM-dominant hybrid plasmonic mode. These values are much higher than the ones observed in ref. 7, 8 , but similar to the values calculated in ref. 10 . Importantly, we show that the loss-compensation works in the relatively broad spectral band regime and for input signals of orthogonal polarizations, in contrast to nanolasing, which requires single-mode operation Our setup also allows us to elucidate the origins of the fast increasing gain at low pump intensity in hybrid plasmonic waveguides. From detailed measurements and comparison of the internal gain in hybrid plasmonic waveguides and their photonic counterparts we found that the transparency threshold, at which the internal gain starts, is 35 times lower in the plasmonic waveguide. Our investigations support our hypothesis that this significant difference and the observed ultra-high optical gain in the hybrid plasmonic waveguides at low pump intensity can be attributed mostly to 'hot' electrons that are generated in the metallic film and are able to cross over the metal-oxide-semiconductor interface to alter the carrier density in the plasmonic waveguide. Our findings help to establish hybrid plasmonic waveguides as a suitable architecture for future integrated plasmonic circuits, and provide valuable insight to their efficient loss-compensation capabilities, potentially enabling their further optimization for plasmon-based information processing.
Results
Optical gain in a hybrid surface plasmon polariton waveguide. Our hybrid plasmonic waveguide consists of a CdSe NB (with a rectangle cross section) separated from a silver surface by an Al 2 O 3 thin layer ( Fig. 1a and 1b) . To allow the detailed investigation of the loss-compensation capabilities of the CdSe NB-based hybrid plasmonic waveguide we use a time-resolved optical pump-probe setup. To that end we used a supercontinuum source (10 MHz repetition rate, ,72 picosecond pulse width) to provide both pump and probe light for our experiments (Fig. 1c) . The temporal resolution of the measurement was obtained by time-correlated single photon counting (see methods for details).
In our configuration, a probe signal is launched into the waveguide via edge coupling at one end of the NB (see Methods) 12 . This probe signal is loss-compensated by the pump through stimulated emission, and subsequently recorded as scattered photons at the other end of the NB (Fig. 2a, , the input signal is confined to subwavelength dimensions. The pump light was focused onto the centre of the NB (focused beam spot is about 3 mm in diameter), spatially separated from the launching spot of the input probe signal. By adjusting the optical delay line in the light path, the waveguided probe signal and pump light can overlap in both space and time yielding an amplification of the input probe signal through stimulated emission. (See sec. 3 of the supplementary information (SI) for details).
The optical images (Fig. 2a) recorded with band pass filter F3 (730 6 5 nm), in particular the captures of the output signals (dashed circles in Fig. 2a) clearly show that the output probe signal is significantly amplified when the pump is on (panel III). A corresponding time trace of the intensity of the output (Fig. 2b ) further illustrates and quantifies this amplification. To evaluate the internal optical gain of our waveguides, we used the equation
where I on is the total output intensity when both probe and pump are on, I sp is the intensity of the spontaneously decayed surface plasmon modes from the pump only, and I off is the waveguided probe output signal at the end of the NB in the absence of pumping. From the timetrace-intensity measurements results (Fig. 2b) we found that the losscompensated probe signal was 6 times stronger than the uncompensated one, yielding an internal gain of 7.8 dB. One set of spectra ( Fig. 2c , taken without the F3 filter) shows that the uncompensated probe signal (red), the spectrum associated with spontaneously decayed surface plasmon modes (blue) and the compensated total signal (green). We can see clearly from the spectra that all wavelengths in the probe signal, spanning over 10 nm, are equally amplified through the stimulated emission, demonstrating the broadband nature of the loss compensation scheme. The slight wiggles on the blue curve are due to resonant cavity modes. Strictly speaking, the gain measured here is not obtained through single path propagation. However, since the wavelengths of the input signal span over 10 nm, covering both peaks and troughs of the cavity modes, the measured average gain over the full wavelength range is very similar to the single path gain at a chosen wavelength. As detailed in the sec. 4 of SI, for the hybrid plasmonic waveguide shown in Fig. 2 , the measured average gain is 99% of the single path gain.
Loss-compensation analysis. Because of its rectangle cross section and dimensions, our NB-based plasmonic device supports multiple hybrid plasmonic modes of different polarizations. Importantly, signals of different polarizations can be loss-compensated efficiently. This is in contrast to the requirements for lasing action, where the polarization of the lasing modes is not easily adjustable once the device has been completed. In our case, the polarization of probe signal can be easily adjusted by changing the polarization of the input laser beam. Internal gain measurements as a function of the pump intensity for probe signals of 90 degree polarization angle difference ( the diameter of pump beam. At the pump intensity lower than 500 W/cm 2 , we found that the gain G (dB) increases monotonically and in a highly non-linear fashion with increasing pump intensity. To confirm the nonlinear dependence we investigated the intensity of spontaneously decayed surface plasmon modes as a function of the pump intensity (See sec. 5 of the SI), which does not exhibit a linear dependence on the pump intensity either.
The nonlinearity in both gain and spontaneous emission measurement both suggest that the single-exciton recombination mechanism cannot give a satisfactory explanation to our experimental data. Instead, the measured gain G (dB) follows logarithmic dependence on the pump intensity, as indicated by the fits in Fig. 2d , similar to that of semiconductor quantum well structures 14, 15 . Fitting the gain data to the empirical equationG~G 0 ln I I tr , where I tr denotes the transparency pump intensity, yields I tr 5 2.8 W/cm 2 and G 0 5 1.42 and 1.68 for input laser beam polarized along and perpendicular to the waveguide, respectively. Note here that the I tr is not lasing threshold, but a value indicating the start of gain. This fast gain increase at low pump intensity is further investigated in the later sections. Since G (dB) is proportional to the internal modal gain coefficient g, this means that g is slightly higher for the perpendicularly polarized mode. In a simple model, the modal gain coefficient g can be determined by the product of fg m , where f is the fractional overlap of the electric field excitation profile of the CdSe NB with the spatial dimension of waveguided mode of the probe signal, and g m is the material gain coefficient. Because g m is the same for the same structure, the difference in the modal gain is determined by the fractional overlap factor f of these two polarizations. To obtain f for plasmonic mode of both polarizations, we have simulated the electric field intensity distribution of the waveguided modes over the cross section of the NB (perpendicular to the long axis of the waveguide) 16 . Same as our experiments, the waveguided plasmonic modes in our simulation were also excited by edge coupling with input laser beam polarized along and perpendicular to the waveguide. In the simulation, we choose the origin at the centre of the waveguide, Z along the long axis of the waveguide, and Y perpendicular to the semiconductor-insulator-metal interface. From our calculated results (Figs. 3a, b) it is clear that the electric field is strongly concentrated in the Al 2 O 3 layer for the hybrid plasmonic modes. To better illustrate the variation of the electric field in the Y direction, the intensities as a function of Y position along the dashed lines in Fig. 3a and 3b, are shown in Fig. 3d and 3e . We also note that the electric field intensity distributions in Fig. 3a and 3b show strong TM and TE-dominant characters for input beam polarized along and perpendicular to the waveguide, respectively, similar to the m 5 0 and m 5 1 plasmonic modes supported by Ag nanowires 17 . By calculating the ratio of the integral of the field intensity over the area within the NB with that over the entire spatial expansion of the waveguided mode, we obtain the fractional factor f for the TM and TE-dominant modes are 0.64 and 0.66 respectively. The f for the mode (TE-dominant) excited by the perpendicular polarized input beam is slightly higher than that for the other polarization direction (TM-dominant), so is its modal gain.
The gain plateaus at pump intensities above 500 W/cm 2 . Because the gain G (dB) only decreases at most 16% (in dB) with a 50-fold increase of the probe signal intensity (See sec. 6 of the SI) we conclude that the saturation most likely can be attributed to higher-order nonradiative processes, such as Auger recombination, which dominates at high pump intensity.
The polarizations of the waveguided probe signals excited by input beam polarized along and perpendicular to the waveguides were measured experimentally at the output end of the waveguide, which show linear polarization along 210 degree and 80 degrees (Fig. 2f  and 2g ), respectively. The slight polarization rotation with respect to the excitation laser polarization we obtained on the probe signals is most likely caused by the attachment of the Au catalyst at the emission end of the waveguide. The compensated probe signals were also measured. As expected, the polarization of the compensated signal follows the polarization of the uncompensated probe within experimental errors. To estimate the propagation loss in the hybrid plasmonic structure, we used medium (,250 W/cm 2 ) pump intensity to excite the hybrid plasmonic waveguide from the middle of the waveguide with a beam diameter of 3 mm. By moving the pump spot along the NB and recording the intensity of the photons at the output end of NB, stemming from the spontaneously decayed surface plasmon modes, we can obtain a plot of the output intensity .vs. pump location (Fig. 2e) . The propagation loss coefficients can be extracted from the decay curve. Both TM (210 degree) and TE (80 degree) dominant modes contribute to the loss measurement. To quantify the contribution from each mode, we measured the polarization of the spontaneously decayed output light (blue), as shown in Fig. 2f . Assuming the total intensity of the spontaneously decayed light follows I total~I{10 cos 2 (hz10)zI 80 cos 2 (h{80), where I 210 and I 80 denote the contribution from TM and TE-dominant modes, we obtain the ratio of I 210 : I 80 5 151.38. Fitting the decay data into the linear combination of two exponential decay functions with appropriate weighting factor (Fig. 2e) , we find that the measured propagation loss coefficients for the TM and TE dominant modes are 6230 cm 21 and 11420 cm 21 , respectively. Compared to the measured internal gain for each mode, the propagation loss was compensated 99% for the TM dominant mode and 59% for the TE dominant mode at ambient condition. Since the total signal loss in the waveguides includes both propagation loss and transmission loss, even though the propagation loss was almost fully compensated for the TM dominant mode in our experiment, the transmission loss at both ends of the waveguides (could be 30 , 70%, see sec. 4 and 10 of SI) stopped our hybrid plasmonic waveguides from lasing at room temperature. We note that the calculated propagation loss coefficients for TM and TE modes are 5624 cm 21 and 10309 cm 21 , respectively (See sec. 8 of SI), 11% lower than the measured ones, probably due to the poor quality of the thermal evaporated Ag film. Not surprisingly, the propagation loss coefficient for the TE-dominant hybrid plasmonic mode is much larger than that of the TM mode. This is why the lasing mode reported previously in the hybrid plasmonic waveguide is TM-dominant 8 . Operated in the pump-probe compensation configuration, however, the same plasmonic structure can be used to compensate signals of either mode.
Comparison with gain of CdSe NB photonic waveguide. To understand the origin of the fast optical gain increase observed in our hybrid plasmonic waveguides at low pump intensity, we used the same pump-probe technique to directly evaluate and compare the gain coefficient of the active material in a photonic waveguide configuration. To that end we fabricated photonic waveguides from CdSe NBs through direct drop-casting onto glass sides. For CdSe NBs thinner than 160 nm, no loss compensation can be obtained due to the weak mode overlap with the gain material. For thicker CdSe NBs, most of them start to lase at medium pump intensity. The lasing from photonic waveguides sometimes even causes the measured gain to undergo an abrupt transition. (See sec. 9 to 11 of SI) Therefore, we only measured the optical gain of these photonic waveguides up to their lasing threshold, which is usually below 800 W/cm 2 and the gain coefficients are found much lower than that for hybrid plasmonic waveguides at the same pump intensity. Fig. 4 shows a plot of measured gain G (dB) as a function of pump intensity on one photonic waveguide (468 nm 3 198 nm 3 14.5 mm). Comparing the gain of the plasmonic and photonic waveguides described in Figs. 2 and 4 , it is clear that the gain coefficient, g, for the hybrid plasmonic waveguide is substantially higher than that of the photonic case for the same pump intensity. Moreover, the transparency pump intensity, at which G (dB) 5 0, is at least 300 W/cm 2 for the photonic structure in Fig. 4 , which is more than 107 times the value of 2.8 W/cm 2 obtained for the plasmonic case. To understand the 107-fold reduction in the transparency pump intensity in the hybrid plasmonic waveguide, we have investigated the field intensity distribution of the waveguided photonic mode with input laser beam polarized along photonic waveguide (Fig. 3c) . Using the same method as before, we obtain a fractional mode factor f 5 0.52, which is only 21% smaller than the plasmonic counterpart. This implies that the large difference in modal gain (determined by fg m (I)) must originate from the difference in the material gain at the same pump intensity for these two configurations. Because the material gain for semiconductors is determined by the carrier density at a specific pump intensity and the stimulated emission cross section, assuming the same stimulated emission cross section in these two cases, we conclude that the modal gain difference observed in the plasmonic and photonic waveguides can be attributed to different carrier densities being generated at the same pump intensity.
Although the absolute value of the carrier density N for each NB is difficult to measure, we can estimate the electric field intensity within the gain medium during pumping. Figure 5a and 5b show the simulation results of the intensity distribution on the YZ plane at X 5 0 for the hybrid plasmonic and photonic case respectively, with the pump polarized in the Z direction (the length of the NB is set to 5 mm). The averaged intensity within the NB over the pumped region is 1.03 I 0 and 0.44 I 0 for the hybrid plasmonic and photonic case respectively, where I 0 is the initial pump intensity. Assuming the same absorption cross section of CdSe in these two configurations, the ratio of the pump rate R pl /R ph is equal to the ratio of the field intensity, which is 2.34 in this case. According to our analyses (See sec. 5 in the SI), the carrier density has a linear dependence on the pump rate at low pump intensities. Therefore, the ratio of carrier density directly generated within the gain materials, N pl /N ph , is also equal to 2.34. However, this value and the fractional factor f together still cannot account for the 107-fold reduction of the transparency pump intensity in the hybrid plasmonic waveguide in comparison to its photonic counterpart. Neither can potential variations in the quality of the NBs. While we have seen slight variations between samples the averaged transparency threshold for the photonic waveguides is 150 W/ cm 2 , which is 36 times higher than that for the hybrid plasmonic cases, which is around 4.1 W/cm 2 . Other mechanisms must therefore be involved in explaining the relatively high optical gain observed in the hybrid plasmonic waveguides at low pump energy.
Discussion
We argue that the origin of the observed ultra-high optical gain in the hybrid plasmonic waveguide can be attributed to photogenerated 'hot' electrons that transfer from the Ag film to the NB, thereby altering its carrier density. In a recent paper published by Ma et al. 18 , the authors electrically modulated the electron-hole pairs in the gain material CdS (in the CdS/MgF 2 /Ag geometry) and they observed that the Spaser output intensity changed dramatically with the variation of carrier density in the gain material, demonstrating that by changing the carrier density in the gain materials, the condition of stimulated emission can be altered substantially.
It is well known that when a metal is in direct contact with a semiconductor, Schottky barrier is formed at the interface due to the difference in work function between the two materials 19, 20 . Photodetectors based on the photogenerated carriers transporting through the Schottky barrier have been realized in Ag-CdSe and Graphene-CdSe NB structures 21, 22 . In both cases, photogenerated 'hot' electrons were observed to flow into CdSe from the other side of the Schottky barrier at zero bias. For the plasmonic structure we studied here, a 4 to 5 nm thick Al 2 O 3 layer is formed between the AgCdSe interface. Depending on the growth temperature, the metalAl 2 O 3 barrier height can vary from 1.2 to 3.2 eV for Al 2 O 3 layer with a thickness ranging from 1.5 nm to 8.5 nm [23] [24] [25] . A barrier height of 1.72 eV have been reported at Ag-Al 2 O 3 interface for Al 2 O 3 layer formed at 70uC 26 . In our studies, the Al 2 O 3 was grown at 200 uC and the energy of the pump photons is between 1.85 to 1.97 eV. It is very possible that the photogenerated 'hot' electrons in Ag film have gained enough energy to transit through the conduction band of the Al 2 O 3 layer and reach CdSe NB. The extra electrons will accumulate at the Al 2 O 3 -CdSe interface to build up a potential barrier in order to slow down the further transport of 'hot' electrons from the Ag side. The electron flow will continue until a new equilibrium is established. The accumulated charge carriers at the Al 2 O 3 -CdSe interface substantially alter the electron-hole distribution as well as the carrier density in the CdSe NB. Because the largest hole population also exists at the Al 2 O 3 -CdSe interface due to the Schottky barrier, the charge transfer can greatly reduce the threshold pump intensity needed to reach the population inversion within the plasmonic waveguides (in other words, effectively increase the pump rate), especially at the interface.
To verify that the charge transfer is viable through the ultrathin The hot-electron transfer across the Al 2 O 3 -CdSe interface can also explain the fast gain increase at lower pump intensity for the plasmonic waveguide. Because the amount of extra charge needed to reestablish the equilibrium at the interface is fixed, their contribution to the carrier density is more significant at lower pump intensity. This explanation is further supported by the linear behaviour of the gain G (dB) .vs. the pump intensity in the photonic case (Fig. 4) , where the charge transfer is absent. Increasing the thickness of Al 2 O 3 film can lead to the up-shift of the conduction band of the Al 2 O 3 and in turn increase the transparency threshold of the plasmonic waveguides. Our experimental results did show an increasing trend in the transparency threshold as the Al 2 O 3 film thickness of the hybrid plasmonic waveguides changed from 5 to 15 nm, consistent with our expectation (See sec. 13 of SI).
In conclusion, the implementation of pump to compensate for the propagation loss of any nanoscale hybrid plasmonic probe signals can greatly extend the propagation length of the signal within a plasmonic device and offer solutions to one of the largest obstacles that hinder the further development of integrated plasmon-based circuitry. The fast increase in internal gain at low pumping intensity also sheds light on the potential application of high gain, low threshold plasmonic amplifier and lasers in the future.
Methods
Sample preparation. CdSe NBs (40 , 300 nm thick, 100 , 500 nm wide, and 5 , 20 mm long) were formed on the Si substrate with chemical vapor deposition (CVD). After growth, the CdSe NBs were suspended in ethanol solution for use. Smooth Ag films with the thickness of 40 to 60 nm were thermally evaporated onto the glass cover slides (Roughness of the film is about 1 nm, see supplementary information for details). An ultrathin and ultrasmooth Al 2 O 3 layer of 4 to 5 nm was then grown on top of the Ag film by atomic layer deposition (ALD) method at 200 uC. Finally, the CdSe NB suspensions were drop-casted onto the alumina coated Ag film. For some samples, another protection layer of Al 2 O 3 of 3 nm was grown on top of the structure.
Optical measurements. A supercontinuum light source (10 MHz repetition rate, ,72 picosecond pulse width, Fianium) is used to provide both pump and probe for our experiments. Part of the output light from the supercontinuum was used to provide the reference input to the counting unit Picoharp 300 (PicoQuant). The rest of the output was further split into two beams. The one with majority of the power was utilized as pump light. A band pass filter was used to limit the wavelength of the pump light to 650 6 20 nm. The beam with small portion of the power was employed as the probe. Because the emission peak of our CdSe NBs is mostly centred on 730 nm, we applied another band pass filter to restrict the wavelength of the probe light to be 730 6 5 nm in order to spectrally overlap with the emission band of the gain medium. The two beams were then directed into an upright microscope (Olympus), and finally focused onto the sample by a 3100 objective (NA 5 0.9). The probe signal is coupled into our waveguide through edge coupling. Different from the end-fired configuration, in which case the input laser beam would travel in the same direction as the waveguide, in our case the input laser beam is travelling perpendicular to the long axis of the waveguide and is focused at one end of the waveguide with a focused beam diameter around 3 mm. The field of view of the sample with the 3100 objective is more than 100 mm 3 100 mm. Light emitted from this area can be collected by the same objective. Our waveguides are only few tens of microns long. Light emitted from these waveguides can be easily re-collected by the same objective, and be selectively directed to a CCD camera (DVC), a spectrograph (Acton, Princeton Instruments), or a single photon avalanche diode detector (SPAD). (a-b) The simulations of electric field intensity distribution on YZ plane at X 5 0 mm, when the pump light at wavelength 650 nm is incident on the middle of the NB, for plasmonic (Fig. 3a) and photonic waveguide (Fig. 3c) , respectively. The incident beam is polarized in Z direction.
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